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Layered  LiCuxCoi_x02±(5  (0.0<x<0.3)  has  been  synthesized  using  microwave  method.  This  method 
possesses  many  advantages  such  as  homogeneity  of  final  product  and  shorter  reaction  time  com¬ 
pared  to  other  conventional  methods.  The  structure  and  electrochemical  properties  of  the  synthesized 
materials  are  characterized  through  various  methods  such  as  XRD,  SEM,  FTIR,  XPS  and  galvanostatic 
charge/discharge  studies.  The  XRD  patterns  of  LiCuxCoi_x02±(5  confirm  the  formation  of  single-phase 
layered  material.  SEM  images  show  that  the  particles  are  agglomerated  and  the  average  particle  size 
decreases  with  increasing  amount  of  copper.  Electrochemical  cycling  studies  are  carried  out  between  2.7 
and  4.6  V  using  1  M  LiPF6  in  1:1  EC/DEC  as  electrolyte.  The  charge/discharge  cycling  studies  of  layered 
material  with  LiCuo.2Coo.8O1 9  exhibit  an  average  discharge  capacity  of  ^1 50  mAh  g-1  over  the  investigated 
50  cycles. 

©  2010  Published  by  Elsevier  B.V. 


1.  Introduction 

Lithium  based  transition  metal  oxides  LiM02  (M  =  Ni,  Co  and 
Mn)  have  specific  properties  such  as  high  energy  density,  long  cycle 
life,  good  safety,  constant  discharging  properties  and  wide  range  of 
working  temperatures.  Among  these  compounds,  LiCo02  is  still  the 
most  widely  used  cathode  material  in  commercial  lithium  batter¬ 
ies  and  molten  carbonate  fuel  cells  [1,2].  It  has  a-NaFe02  layered 
structure,  in  which  Li  ions  occupy  the  3a  sites,  Co  ions  occupy  the  3b 
sites  and  oxygen  ions  occupy  the  6d  sites  [3].  The  practical  capacity 
of  LiCo02  is  limited  to  about  140  mAh  g-1  i.e.,  half  of  theoretical 
capacity  (273  mAh  g-1)  because  of  the  degradation  of  the  crystal 
structure  occurs  due  to  the  dislocation  of  lattice  oxygen  at  high 
temperatures  and  overcharge  to  4.2  V  [4].  This  structural  instability 
results  in  restricted  cycling  performance.  To  reduce  the  influence  of 
structural  and  stress  effects  on  the  electrochemical  performance  of 
LiCo02,  substitution  of  Co  for  other  transition  metals  such  as  Al,  Zr, 
Ti,  and  Mg  has  been  investigated  [5-7].  However,  these  attempts 
failed  to  enhance  the  capacity  and  also  to  increase  the  structural 
stability  of  LiCo02  during  cycling  when  charged  to  higher  voltages 
i.e.,  above  4.3  V.  Metal  powders  especially  Cu  or  Ag  have  been  found 
to  mainly  increase  the  capacity  of  the  layered  cathode  materials 
[8-10].  Deepa  et  al.  reported  [11]  that  Cu  dopant  increases  the  sta¬ 
bility  of  LiCo02  and  Zou  et  al.  [12]  also  found  that  LiCuo.05Coo.95O2 
synthesized  via  melt  impregnation  technique  in  an  argon  atmo¬ 


*  Corresponding  author.  Tel.:  +91  4565  227559;  fax:  +91  4565  227779. 
E-mail  address:  deepika_41@rediffmail.com  (S.  Gopukumar). 

0378-7753 /$  -  see  front  matter  ©  2010  Published  by  Elsevier  B.V. 
doi:  1 0.1 01 6/j.jpowsour.201 0.1 0.053 


sphere  cycled  up  to  4.5  V  thereby  demonstrating  higher  capacity 
and  cycling  stability.  Lala  et  al.  [13]  found  that  Ga  doped  LiCo02 
exhibits  poor  performance  when  Li  is  extracted  at  4.7  V.  Further 
investigations  on  the  coating  of  LiCo02  with  ceramic  materials  such 
as  Al2 03 ,  Zr02  (4.5  V)  [  1 4, 1 5  ] ,  La2 03  [  1 6 ]  (4.6  V)  and  nanocrystalline 
MgO  [17]  (4.7  V)  are  found  to  increase  the  capacity.  Therefore,  it  is 
seen  that  no  report  is  available  on  the  cycling  stability  at  4.6  V  of 
doped  LiCo02  with  either  Cu  or  AL 

Several  synthetic  methods  have  been  employed  for  the 
synthesis  of  transition  metal  oxides  such  as  co-precipitation, 
hydrothermal  method,  combustion  method  and  emulsion-drying 
method.  These  methods  usually  produce  homogeneous  elec¬ 
trode  materials.  However,  high  temperature  calcination  processes 
require  longer  heating  times  and  with  necessary  intermediate 
grinding  to  obtain  satisfactory  crystallinity.  Microwave  irradiation 
to  transition  metal  oxides  usually  results  in  faster  heating  of  the 
compounds  so  that  the  desired  final  product  can  be  obtained  within 
very  short  time  [18].  Recently,  we  have  reported  the  synthesis  of 
Mg  doped  LiCo02  [5]  material  irradiated  by  50%  microwave  power 
followed  by  calcination  at  850  °C.  It  is  observed  that  50%  microwave 
power  is  not  enough  to  obtain  the  required  final  product.  Hence,  in 
this  paper,  we  report  the  synthesis  of  divalent  substituted  Cu2+  into 
the  Co  site  in  LiCo02  cathode  material  using  microwave  method 
only  without  further  calcinations.  Moreover,  the  synthesized  mate¬ 
rial  has  been  investigated  for  its  electrochemical  performance  up  to 
4.6  V.  Furthermore,  the  microwave  synthesis  is  more  advantageous 
from  commercial  and  economic  point  of  view  than  other  methods 
and  it  is  expected  that  Cu  doping  enhance  the  structural  stability 
of  the  materials. 
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Fig.  1.  XRD  patterns  of  LiCuxCoi_x02±<5  (a)x  =  0.00,  (b)x  =  0.05,  (c)x  =  0.10,  (d)x  =  0.20 
(e)  x  =  0.30  samples  synthesized  by  microwave  method. 


Fig.  2.  Magnified  XRD  patterns  of  LiCuxCoi_x02±<$  between  20  values  corresponding 
to  34-40°  (a)  x  =  0.00,  (b)  x  =  0.05,  (c)  x  =  0.1 0,  (d)  x  =  0.20  (e)  x  =  0.30. 


2.  Experimental 

Stoichiometric  amounts  of  anhydrous  LiN03,  Co(N03)2-4H20 
containing  with  or  without  Cu(N03  )2  -3H20  were  mixed  thoroughly 
and  dissolved  in  triple  distilled  water.  The  resulting  metal  ion 
solution  was  concentrated  by  stirring  continuously  under  slightly 
warmed  condition  (70  °C).  The  above  concentrated  solution  was 


transferred  to  a  china  dish  and  placed  at  the  centre  of  a  rotat¬ 
ing  plate  of  microwave  oven  (Kenstar,  India  2450  MHz,  800  W). 
The  solution  was  irradiated  at  100%  power  for  25  min.  During  the 
reaction,  the  chemical  constituents  were  rapidly  heated  and  a  red 
glow  was  seen  inside  the  china  dish  throughout  the  reaction.  After 
completion  of  the  reaction,  the  product  was  dried  well  in  an  air 


Fig.  3.  SEM  images  of  LiCuxCoi_x02±5  (a)  x  =  0.00,  (b)  x  =  0.05,  (c)  x  =  0.10,  (d)  x  =  0.20  (e)  x  =  0.30. 
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Fig.  4.  FT-IR  spectra  of  LiCuxCoi_x02±(5  (a)  x  =  0.00,  (b)  x  =  0.05,  (c)  x  =  0.1 0,  (d)  x  =  0.20 
(e)x  =  0.30. 

oven  and  ground  well  for  2  h  to  obtain  phase  pure  compound  of 
LiCu*Coi_x02. 

The  synthesized  product  was  characterized  by  means  of  XRD 
(‘Xpert  PRO  PAN  alytical  PW  3040/60  ‘X’Pert  PRO’)  using  Cu-Ka 
radiation  ( X  =  1 .541 8  A),  while  the  voltage  and  current  were  held  at 
40  kV  and  20  mA  (20  =  0-80°)  at  a  scan  rate  of  1°  min-1.  The  sur¬ 
face  morphology  and  microstructure  of  synthesized  samples  were 
characterized  by  scanning  electron  microscope  (SEM  Hitachi  S- 
3000  H  from  Japan).  Fourier  Transform  Infrared  spectrum  has  been 
recorded  on  a  Nicolet  5DX-FTIR  spectroscopy  using  KBr  pellet  in  the 
range  of  400-2000  cm-1.  X-ray  photoelectron  spectroscopy  (XPS) 
of  synthesized  powder  has  been  investigated  using  VG  electron 
spectroscopy.  The  powder  sample  has  been  pressed  into  the  pellets 
and  affixed  on  to  the  sample  holder.  All  spectra  were  recorded  using 
an  X-ray  source  (Al  Ka  radiation)  with  a  scan  range  of  0-1 200  eV 
binding  energy.  The  collected  high-resolution  XPS  spectra  were 
analyzed  using  XPS  peak  fitting  software  program.  The  energy  scale 
was  adjusted  using  carbon  peak,  C Is  spectra  at  284.5  eV. 

The  cathode  disc  has  been  prepared  by  mixing  80wt%  active 
materials,  10  wt%  acetylene  black  and  10  wt%  polyvinylidene  fluo¬ 
ride  (PVDF)  binder  in  N-methylpyrrolidone  (NMP)  solvent  to  form 
homogeneous  slurry.  The  mixture  was  coated  over  an  aluminium 
foil  and  dried  under  ambient  condition  and  cut  into  circular  discs  of 
1 8  mm  diameter.  The  cut  discs  were  further  dried  under  vacuum  at 


1 20  °C  for  1 2  h.  Finally,  201 6  coin  type  cells  have  been  assembled  in 
an  argon  filled  glove  box  using  lithium  as  the  counter  and  reference 
electrode,  celgard  2400  as  the  separator  and  LiPF6  in  1 : 1  EC/DEC  as 
the  electrolyte  solution.  The  charge/discharge  measurements  were 
carried  out  on  the  assembled  coin  cell  using  a  programmable  bat¬ 
tery  tester  at  0.1  C  (current  density  around  0.2906mA cm-2)  and 
0.2  C  (current  density  around  0.5812  mA cm-2)  rates  for  50  cycles 
in  the  potential  range  of  2.7-4.6  V. 


3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  LiQixCo^C^iS  (x  =  0.00,  0.05, 
0.10, 0.20  and  0.30)  samples  synthesized  using  microwave  method. 
As  can  be  seen  from  Fig.  1,  the  diffraction  patterns  are  character¬ 
istic  of  the  a-NaFe02  type  structure  [19]  and  could  be  indexed  on 
the  basis  of  R3m  space  group.  Co304  impurity  peaks  lying  between 
20  values  of  34  and  40°  (Fig.  2)  and  also  the  characteristic  peaks 
of  Cu  [(1 1 1)  and  (2  0  0)  (JCPDS  03-1005)]  at  20  values  of  43.2°  and 
51°  are  not  identified  in  the  XRD  clearly  indicating  the  formation  of 
the  single  phase  compound.  The  splitting  of  the  diffraction  patterns 
at  (0  0  6)  (1  0  2)  and  (1  0  8)  (1 1  0)  doublets  suggests  the  formation 
of  highly  ordered  layered  structure.  The  hexagonal  parameters  of 
the  synthesized  material  are  calculated  using  the  unit  cell  pack¬ 
age  software  and  are  presented  in  Table  1.  It  can  be  seen  from 
Table  1  that  the  la'  and  ‘c’  values  for  the  synthesized  samples  are 
in  good  agreement  with  the  previous  researchers  [20].  It  can  be 
noted  that  the  ratio  of  the  intensities  of  (0  03)  and  (104)  peaks 
i.e.,  (/o 03/J104)  is  greater  than  unity,  thereby  suggesting  no  cation 
disorder  which  is  supplemented  by  the  values  of  c/a  i.e.,  >4.89. 
According  to  Dahn  et  al.  [21,22]  the  R  factor  [R  =  (/io2  +Joo6)/Jioi] 
is  an  indicator  of  hexagonal  ordering.  We  observe  that  R  factor  is 
minimum  for  LiCu0.2Co0.8Oi.9  i.e.,  0.41,  which  suggest  increased 
layered  characteristics  than  the  pristine  LiCo02  and  other  cop¬ 
per  doped  samples.  The  crystallite  sizes  are  calculated  by  well 
known  Debye-Scherrer’s  equation  and  are  found  to  be  very  smaller 
crystallite  size  of  ~100nm  for  LiCu0.2Co0.8Oi.9  as  compared  to 
other  samples.  Scanning  electron  micrographs  of  LiCuxCoi_x02±(5 
(x  =  0.00, 0.05, 0.1 0, 0.2  and  0.3 )  samples  synthesized  by  microwave 
method  are  shown  in  Fig.  3  and  shows  that  the  particles  are  agglom¬ 
erated  which  decreases  with  increasing  copper  content  and  the 
smaller  particle  size  obtained  for  the  composition  x  =  0.2  as  com¬ 
pared  to  other  samples. 

Fig.  4  shows  the  FTIR  spectra  of  samples  LiCuxCoi_x02±(5 
(x  =  0.00,  0.05,  0.10,  0.20  and  0.30)  synthesized  by  microwave 


Table  1 

Unit  cell  parameters  of  LiCuxCoi_x02±($  materials. 


X 

a  (A) 

c  (A) 

c/a 

Cell  volume 

loo  3 /loo  4 

R 

Crystallite  size  (nm) 

0 

2.812 

14.014 

4.983 

96.003 

2.49 

0.53 

150 

0.05 

2.814 

14.039 

4.988 

96.083 

1.74 

0.47 

132 

0.10 

2.814 

14.055 

4.994 

96.095 

1.60 

0.45 

125 

0.20 

2.815 

14.068 

4.997 

96.103 

1.49 

0.41 

100 

0.30 

2.817 

14.081 

4.998 

96.118 

1.42 

0.43 

120 

Table  2 

Charge/discharge  capacities  of  LiCuxCoi 

_xO 2±s  materials. 

X 

Discharge  capacity  (mAhg-1 ) 

0.1  C  rate 

0.2  C  rate 

1st  cycle 

50th  cycle 

Capacity  retention  (%) 

1st  cycle 

50th  cycle 

Capacity  retention  (%) 

0 

135 

85 

63 

110 

70 

63 

0.05 

140 

120 

86.7 

130 

100 

77 

0.10 

152 

131 

87.2 

147 

126 

86.3 

0.20 

161 

143 

89.4 

153 

136 

89.1 

0.30 

159 

142 

89.3 

151 

133 

88.2 
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Fig.  5.  X-ray  photoelectron  spectroscopy  of  LiCuxCoi_x02±($  (a)  x  =  0.05,  (b)  x  =  0.10,  (c)  x  =  0.20. 


method  scanned  in  the  wave  number  region  400-2000  cm-1.  The 
band  around  529  cm-1  has  been  assigned  to  Li-0  [23]  stretching 
vibration,  which  indicates  the  formation  of  Li06  octahedra.  The 
characteristic  vibrations  of  Co-0  [24]  are  560-590  cm-1  and  Cu-0 
[25]  is  614  cm-1 .  The  broad  absorption  band  observed  at  608  cm-1 
in  copper  doped  samples  may  be  due  to  mixed  vibration  bands  of 
Co-0  and  Cu-O.  The  broadening  of  the  high-wavenumber  IR  bands 
may  be  related  with  inhomogeneous  Cu/Co  distribution  and/or 
polyhedral  distortion  occurring  in  these  materials  [26]. 

The  oxidation  states  of  Cu  and  Co  are  determined  from  XPS  anal¬ 
ysis  and  are  depicted  in  Fig.  5.  Cls  emission  peak  is  observed  at 
284.5  eV,  which  is  used  as  the  reference  in  the  present  XPS  mea¬ 
surements.  Li  Is  peak  at  54.7  eV,  which  is  the  specific  arrangement 
of  lithium  atoms  between  the  close-packed  layers  of  oxygen  in 
LiCuxCoi_x02±5  (octahedral  arrangement  of  oxygen  atoms).  XPS 
peak  of  Co2p  corresponds  to  Co2p  -*  Co3p  transitions  and  is  domi¬ 
nated  by  multiple  effects.  The  Co2p  spectrum  is  split  by  spin-orbital 


interaction  into  Co2p1/2  and  Co2p 3/2  regions.  In  turn  these  regions 
are  further  split  due  to  Co2p-Co3d  interaction  and  crystal  field 
effects.  The  shapes  of  the  spectra  are  directly  related  to  the  ground 
state  of  Co  ions  [27].  The  Co2p  bands  are  observed  at  780.1  eV  for 
Co2p 3/2  and  794.9  eV  for  Co2p1/2.  These  two  bands  correspond  to 
Co3+  in  the  synthesized  materials.  Two  peaks  are  observed,  one  at 
934.4  eV  for  Cu2p 3/2,  and  another  one  at  954.4  eV  for  Cu2p1/2.  The 
Cu2p3 12  and  Cu2p!/2  main  doublets  are  separated  by  ~20eV  are 
seen  together  with  the  satellites  at  ~8  eV  from  the  main  peaks.  Sim¬ 
ilar  satellite  structure  was  observed  in  CuO  [28],  indicating  that  Cu 
ions  are  mostly  divalent.  Ols  XPS  spectra  of  LiCuxCoi_x02  mate¬ 
rials  are  broken  down  into  two  components  with  the  main  one 
at  529.3  eV  and  next  at  531.1  eV  which  are  characteristic  of  O2- 
ions  of  the  crystalline  network.  Notwithstanding  the  attribution  of 
the  component  on  the  high-energy  side  is  more  difficult,  a  reason¬ 
able  hypothesis  is  to  consider,  as  reported  in  previous  works  on 
cobalt  and  nickel  oxides  [29],  the  existence  of  defects  in  the  sub- 


6792 


C.  Nithya  et  al.  /  Journal  of  Power  Sources  196(2011)  6788-6793 


surface  associated  with  sites  where  the  coordination  number  of 
oxygen  ions  is  smaller  in  the  regular  sites.  These  results  are  in  good 
agreement  with  previously  reported  results  [30]. 

Fig.  6  shows  the  galvanostatic  charge/discharge  curves  of 
LiCuxCoi_x02±($  measured  at  0.1  and  0.2  C  rates  in  the  voltage 
range  of  2.7-4.6V.  Table  2  depicts  the  charge-discharge  capaci¬ 
ties  of  undoped  and  doped  LiCuxCoi_x02±($  during  the  1st  and  50th 
cycle  at  0.1, 0.2  C  rate  with  capacity  retention.  The  initial  discharge 
capacities  (135,  140,  152,  161  and  159  mAh  g-1  for  x  =  0.00,  0.05, 
0.1,  0.2  and  0.3  at  0.1  C)  of  the  doped  materials  are  higher  com¬ 
pared  to  the  undoped  LiCo02.  This  may  be  due  to  the  improved 
structural  stability  with  the  addition  of  dopant,  very  small  volume 
change  and  also  the  collapse  of  the  structure  during  cycling  was 
prevented  by  the  dopant  ion  by  the  limited  action  of  Co4+.  The 
shape  of  the  discharge  profiles  slightly  differs  from  the  pristine 
LiCo02  due  to  oxygen  vacancies  [31  ]  in  the  doped  materials,  hence 
it  could  be  rewritten  as  LiCuxCoi_x02±5.  The  discharge  capacity  of 
pristine  LiCo02  at  the  first  and  50th  cycle  is  135  and  85  mAh  g-1 
at  0.1  C  rate  which  is  slightly  higher  than  earlier  report  [32].  Fur¬ 
ther,  at  0.2  C  rate,  pristine  LiCo02  exhibits  110  and  70  exhibits  110 
and  70  mAh  g-1  for  the  first  and  50th  cycle  respectively.  The  poor 
performance  could  be  ascribed  due  to  the  large  volume  change 
resulting  in  structural  deterioration  during  cycling  and  the  synthe¬ 
sis  route  adopted.  In  general,  the  specific  capacity  decreases  at  high 
current  rates,  which  may  be  attributed  to  an  increase  of  electrode 
polarization  during  cycling  as  observed  by  previous  researchers 
[33-35].  Cu  doped  LiCo02  materials  exhibit  the  discharge  capacities 
of  120,  131, 143  and  141  mAhg-1  at  the  50th  cycle  and  discharge 
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Fig.  7.  Cycling  performance  of  LiCuxCoi_x02±(5  at  0.1  and  0.2  C  rates. 


capacity  fades  of  13.3%,  12.8%,  10.6  and  10.7%  for  the  Cu  contents 
corresponding  to  0.05, 0.1 0, 0.20  and  0.30  at  C/1 0.  When  the  copper 
content  increases  from  0.2  to  0.3,  almost  similar  discharge  capac¬ 
ity  and  retention  in  capacity  is  observed  at  the  end  of  50th  cycle. 
Good  capacity  retention  (Fig.  7)  has  been  observed  in  the  present 
case  when  compared  to  other  previous  researchers  [7,16,36,37] 
and  may  be  due  to  the  dopant  Cu2+  that  may  move  to  the  elec¬ 
trode  surface  and  form  a  solid  solution  as  charge  and  discharge 
continues.  The  solid  solution  acts  as  a  coating  layer  and  prevents 
the  dissolution  of  Co4+  ions  into  the  electrolyte.  This  is  the  first 
time  such  a  stable  high  capacities  are  obtained  at  high  voltage  of 
4.6  V  by  doping,  albeit  Fey  et  al.  proposed  that  the  improved  per¬ 
formance  obtained  through  coating  (La203)  process  at  4.5  V  [16]. 
Cu  dopant  improves  the  cycling  stability  of  LiCo02  material  and 
further  as  reported  by  Yan  et  al.  [38]  microwave  synthesis  controls 
the  lithium  loss  (4%)  compared  to  conventional  calcination  process 
(20-30%).  Microwave  synthesis  of  LiCuo^Coo.gOi.g  exhibits  better 
cycling  performance,  less  capacity  fade  compared  to  convetional 
synthesis  of  LiCu0.05Co0.95O2  and  other  elemental  doping  cycled 
up  to  4.5  V  [5-7,1 1 ,1 6,36-41  ].  Hence,  microwave  synthesis  without 
calcination  improves  the  cycling  stability  of  the  synthesized  mate¬ 
rials  compared  to  the  material  synthesized  by  calcination  assisted 
microwave  process  [5]. 

Fig.  8  shows  the  dQJdE  vs.  potential  curves  of  LiCuxCoi_x02 
(x  =  0.00,  0.05,  0.10,  0.20  and  0.30)  at  0.1  and  0.2  C  rates  respec¬ 
tively.  It  is  evident  from  the  figures  that  the  predominant  anodic 
and  cathodic  peaks  are  observed  around  at  4.14  V  and  3.67  V  sig- 
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Fig.  8.  Differential  capacity  curves  of  LiCuxCoi_x02±($  (a)x  =  0.00,  (b)x  =  0.05,  (c)x  =  0.10,  (d)x  =  0.20  (e)x  =  0.30. 


nifying  lithium  intercalation  and  deintercalation  processes.  These 
peaks  are  also  characteristics  of  the  hexagonal  phase  in  these 
types  of  layered  compounds  [7].  These  results  suggest  that  the 
compounds  synthesized  by  microwave  method  which  are  electro- 
chemically  active  and  indicate  the  charge-discharge  process  occurs 
in  a  reversible  manner  in  the  voltage  region  of  2.7-4.6V  which 
delivers  the  high  capacity  of  ~150mAhg-1. 

4.  Conclusions 

LiCuxCoi_x02±5  (x  =  0.00,  0.05,  0.10,  0.20  and  0.30)  cath¬ 
ode  materials  have  been  synthesized  using  microwave  method 
for  the  first  time  and  LiCuo.2Coo.8O19  delivers  a  high  capacity 
of  ~150mAhg-1  over  the  investigated  50  cycles  when  cycled 
between  2.7-4.6V.  XRD  patterns  reveal  the  high  degree  of  crys¬ 
tallinity  without  any  additional  impurity  peaks  for  Cu  and  Co304 
in  the  synthesized  materials.  It  is  evident  to  conclude  that  Cu 
doped  LiCo02  materials  synthesized  by  this  method  deliver  supe¬ 
rior  stable  capacities  at  high  voltage  (4.6  V)  over  the  pristine  LiCo02 
cathode  materials. 
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